Abstract The little bustard Tetrax tetrax has undergone severe range contraction within Europe due to abandonment of traditional agro-pastoral activities. Previous studies of habitat selection have mainly focused on extensive cereal and cropland mosaics, while the species' ecology in pastoral landscapes is understood less well, and data are completely lacking from the Sardinian population. We conducted distance sampling surveys of displaying males across three contrasting landscapes in Sardinia and modelled habitat preference at both the landscape and local (within pastures and recent fallows) scale. Abbasanta, with a balance of pasture and cropland, the greatest isolation from roads and shortest vegetation, supported the highest little bustard densities (95%CI 2.7-3.4 males/100 ha). Significantly lower densities were found in two landscapes with lower isolation from roads and taller vegetation within grasslands: Campeda (0.1-0.2 males/100 ha), comprising cropland and pasture in similar proportions to those found at Abbasanta, and Campidano (0.3-0.4 males/100 ha) that was dominated by cereal agriculture. At the landscape level, males preferred pastures and recent fallows over arable lands. At the local scale, within grasslands, probability of occurrence was greater with shorter vegetation, more legume and green herb cover and at points remote from roads. Shorter vegetation in grasslands resulted from high grazing pressure, and habitat suitability for breeding males depends strongly on extensively grazed grasslands. Conservation efforts for this species should focus on maintaining traditional agro-pastoral practices which maintain large areas of extensively grazed pastures and recent fallows located far from roads.
Introduction
Throughout Europe, agricultural landscapes of great antiquity that were created and maintained by traditional farm management practices continue to support important biodiversity wherever they have survived (Tucker 1997; Donald et al. 2001; 2006) . In such landscapes, intensification of agricultural practices in mixed-farming areas, coupled with progressive loss of grazed steppe-like grasslands through abandonment of traditional livestock rearing, pose serious threats to biodiversity (Tucker 1997; Chamberlain et al. 2000) . Within western Europe, relict-grazed steppe-like grassland landscapes remain in southern France, Spain and parts of Italy (mostly within Sardinia), where pastoralism has a fundamental role in maintaining high conservation value landscapes (Tucker and Evans 1997) . The distribution and habitat selection of species of conservation concern may be affected by ecological processes at multiple spatial scales (Vergara and Armesto 2009) . It is therefore important to understand the effect of environmental features and land-use effects within agropastoral regions at both landscape and local scales.
Within Europe, the little bustard Tetrax tetrax is associated with agro-ecosystems comprising low-intensity arable and pastoral areas, particularly mosaics of extensively grazed semi-natural pasture, fallow land and legume crops (Martinez 1994; Wolff et al. 2001) . Little bustard is classified as vulnerable in Europe (Tucker and Heath 1994) following severe declines throughout most of its range including its loss from many European countries, attributable to agricultural intensification (Goriup 1994; Del Hoyo et al. 1996) . Spain and Portugal support approximately three quarters of the European population; however, within the last 10 years dramatic local declines of up to 75% have occurred in Spain (García de la Morena et al. 2006; De Juana 2009) .
Elsewhere in Europe, three remnant populations occur, with two disjunct populations in France and a third nonmigratory population in Sardinia; while the species is now virtually extinct in mainland Italy (Petretti 2006) . The Sardinian population has a long history of geographic isolation, and in contrast to agricultural populations elsewhere (e.g. Jolivet 2001) , has been reported to be generally stable over the last two decades (Petretti 2006) . In both Sardinia and mainland Italy, little bustard mainly occur in extensively grazed pastures (Petretti 2006) . With decreases in traditional livestock grazing, pasture cover in Sardinia was reduced from 64% in 1960 to less than 10% in 2000 and from 7.5% to 2.5% in coastal mainland Italy during the same period (Falcucci et al. 2007 ). This was the major cause of loss of little bustard populations in mainland Italy and presents the major threat to the species in Sardinia (De Juana and Martinez 2001; Petretti 2006) .
In contrast to the large body of work on little bustards in cropland dominated areas, both in northern France (Salamolard and Moreau 1999) and in Iberia (Martinez 1994; Silva et al. 2007) , there has been much less work on the ecology of populations in pastoral-dominated landscapes (but see Wolff et al. 2001) , despite their importance for the species (Cramp and Simmons 1980) . In Sardinia, although the little bustard is known to occur in both pastoral and agricultural areas, habitat preferences have not been studied. Both landscape-scale landuse and within-field features have been shown to be important for displaying males (Wolff et al. 2001; ), but these nested scales have rarely been considered within a single study (but see Martinez 1994) or across contrasting landscapes that differ in composition and disturbance levels.
In this study, we examine habitat preferences of male little bustard in agro-pastoral landscapes at two different spatial scales in order to identify important features to aid conservation management of the species. We consider features at the landscape scale, including the availability of pasture and recently fallowed fields, land-use heterogeneity and human disturbance and at the local scale, including grazing pressure, vegetation structure and composition, and localised human disturbance. We also compared density estimates for displaying males among three contrasting landscapes of western Sardinia that differ in land-use composition and structure, recent land-use trends and disturbance levels. From available knowledge of habitat preference of the species, we predicted that males' occurrence would be determined by both large-scale landscape features and small-scale habitat characteristics, with densities higher in the landscape with a balance of pasture and cropland cover and low disturbance levels (Lane et al. 2001; Suarez-Seoane et al. 2002) , and predicted lower densities in the more homogeneous landscapes exposed to greater levels of disturbance.
Methods

Study landscapes
Three key areas in western Sardinia previously known to support little bustard (Schenk and Aresu 1985) were selected for study (Fig. 1) . Each study area lies within, or includes, one of the four Special Protection Areas (SPAs) designated for the species (under EC Directive 79/409/ CEE). To allow land-use extent to be mapped, a contiguous study area was selected at each site, rather than sampling non-contiguous locations or grid cells across the entirety of each landscape. Boundaries of study areas where delimited to cover as much as possible of the large SPAs at Campeda (CA: ITB023050: 19,578 ha of SPA; 59% of which within the study area) and Abbasanta (AB: ITB023051: 20,103 ha of SPA; 24% within the study area), while the study area delimited at CO comprised all of the designated SPA (Campidano: ITB043054, 1,564 ha) and a further 12,203 ha of the surrounding Important Bird Area IBA (178-Central Campidano, Fig. 1 ).
CA and AB are upland areas with undulating topography and Meso-Mediterranean sub-humid climate (RivasMartinez 1996) and are dominated by semi-natural steppe, comprising extensive pastures, fallows, arable fields (mainly dry cereals) and hay meadows. Pastures (hereafter indicating grazed land, long-established fallow and natural grasslands), recent fallows and cropped fields are evenly distributed across AB, while at CA croplands are concentrated in the northwestern river valleys, with the central dry stony plateau dominated by pasture, with scattered hay meadows (Fig. 2) . In contrast, the lowland area of CO has flat topography and a drier Thermo-Mediterranean climate (Rivas-Martinez 1996) . It comprises a cereal pseudosteppe landscape (sensu Suarez et al. 1997) , dominated by cereal fields, interspersed with irrigated crops such as lucerne, and occasional pastures (Fig. 2) .
Landscape composition data from 2000 (Table 2) were extracted from regional land-use maps based on CORINE Land Cover classes (scale 1:25,000), considering pasture (all natural grasslands and long-established fallows), cropland (including cereal and other crops, recent fallows and hay meadows) and pooling unsuitable land-cover types (villages, infrastructures, vineyards and woodlands) . Landuse data from 2000 were updated during fieldwork in 2008, with the aid of hand-held GPS, to quantify changes in these three broad land-cover categories (pasture, cropland, unsuitable) and to quantify the frequency of specific cropland types (recent fallow, hay meadow, wheat/barley, oat and legume crops) within the three study areas. Recent fallows were identified during fieldwork in 2008 by the presence of therophytic and absence of perennial geophytic plants (mainly of the genus Ferula and Asphodelus).
Survey of male density
Male little bustard display activity is concentrated between April and June in Sardinia (Petretti 1993) . Surveys were conducted from 1 May to 8 June 2008, between 0600 to 0900 hours and 1800 to 2100 hours (GMT+1:00), when male display activity is greatest (De Juana and Martinez 1996) , except during rain or strong wind which reduces display activity and detection (Wolff et al. 2001) .
To allow maximal areal coverage, a combination of point counts and distance transects were used. At CO, a network of secondary roads and tracks covering all the landscape allowed the surveyor to drive between sampling locations; consequently at this site only point transects were performed to maximise survey coverage. At CA and AB, it was necessary to conduct surveys on foot so that a combination of point and line transects were adopted. Transect lines of approximately 4.5 km length, separated by a minimum distance of 500 m, were walked slowly (2 km/h), and point counts of 5 min duration were performed along each transect at intervals of 600 m, following De Juana and Martinez (1996) and Faria and Rabaca (2004) . Spacing of transects and point counts was based on male call detection at up to 250 m in landscapes with heterogeneous topography (Wolff et al. 2001) . The distance (radial from points and perpendicular from line transects) of each detected male was estimated to the closest 10 m following extensive preliminary training and the male's position was mapped with the aid of a hand-held GPS. Where visibility impaired accurate location of calling individuals, they were approached until visually detected.
Effective strip width (ESW) of distance transects and effective detection radius (EDR) of point counts were calculated in DISTANCE 5.0 (Thomas et al. 2005) . Halfnormal, hazard-rate and uniform/cosine detection functions were compared and the best model selected according to the Akaike Information Criterion (AICc and AIC for ESW and EDR respectively; Buckland et al. 2001) . Point count data were right truncated at 10% of observations as this improved model fit. Transect and point count locations were buffered in ArcGIS by using the mean value of the best model for ESW and for EDR; buffers were dissolved and summed and the composite area covered by each survey calculated. This was repeated for upper and lower 95%CI values of EDR and ESW. Density and population estimates (mean and 95%CI) for each study area were calculated on the basis of males detected, areas surveyed and extent of available habitat cover.
Habitat sampling
Habitat was sampled at 96 locations with displaying male little bustard, and at 120 control (absence) points, randomly located across each site while excluding unsuitable land-cover types for the species (woodland, vineyard or infrastructure). Control points were located further than 150 m from the nearest territory, considering mean male territory area of 6.7 ha in France (Jiguet et al. 2000) . At each point, 15 variables were measured (Table 1) , seven of those related to landscape scale and eight to small-scale (within-grassland) habitat characteristics. The landscape variables recorded included: land-use type, land-use heterogeneity and number of bushes and trees within 150 m from the point centre. Land-use heterogeneity, consisting of the counted number of the five different landuse categories, was again recorded within 150 m from the point centre based on known male territory area of 6.7 ha (approximately 150 m radius; Jiguet et al. 2000) . Points with high heterogeneity were scarce and were pooled into a single class with value greater than two for computational purposes (Table 1 ). In addition, in view of the known sensitivity of bustards to human disturbance and infrastructure (Lane et al. (Table 1) .
Small-scale habitat variables included percentage cover of each of six vegetation classes estimated within nine quadrats (of 1 m × 1 m), with one located at the centre and others at 10 and 20 m along the four cardinal directions (following Silva et al. 2007 ; Table 1 ). Vegetation height was also recorded by taking 20 measures using a sward stick (15 cm radius and 70 g weight) randomly placed within 20 m radius of the point centre. We also recorded whether sheep faecal pellets were present in each of eight strip transects (of 2 m × 10 m) along the four cardinal directions from the point centre. An index of grazing pressure was considered ranging from zero (no pellets recorded) to eight (pellets present on each strip transect) following Silva et al. (2007) . All data were collected by the same observer (AS).
Data analysis
Displaying male habitat preference was analysed by constructing two multivariate logistic regression models with bustard presence or absence as the response. The first model, including all 216 sample points, considered the seven landscape-scale variables (Table 1) : land-use, landuse heterogeneity (the number of the five different landuses counted within 150 m from the sample point; categories-low=1, medium=2 and high=≥3), number of bushes and trees, and the four measures of human disturbance (distance to roads, tracks, buildings and wires). The second model considered only the 155 sample (presence and absence) points located within pasture and recent fallows and included the four measures of human disturbance (distance to infrastructures in Table 1 ) in addition to the seven small-scale variables of habitat structure and quality: vegetation height and the percentage cover of bare or rocky soil, oat, wheat or barley, legumes, herbs and other vegetation material. Wheat and barley were pooled into a single cover category as both were scarce and have similar structure and phenology in our study landscapes.
Land-use and land-use heterogeneity were entered in the first model as categorical predictors, and study area was controlled for in both models as a categorical fixed effect. Inter-correlation among candidate variables was examined using Pearson's correlation. It is appropriate to simultaneously include inter-correlated predictors within a multivariate model, provided the correlation coefficient is less than approximately 0.7-0.8 (Freckleton 2002) . All pairwise correlations among our variables were below 0.6, with the exception of vegetation height which was strongly correlated with grazing pressure (r=−0.71; pooling sample points within pastures and recent fallows). We therefore excluded grazing pressure from the second model based on its lower contribution to the model (judged by −2 loglikelihood ratio, LLR) compared to vegetation height. Whether the distance to infrastructures (roads, tracks, buildings and wires) differed among the five land-use types and between the three study areas was analysed by means of analysis of variance (ANOVA) using random points only and including an interaction term for land-use type with study area. None of the four distance variables differed significantly among land-use types.
Full initial logistic models including all candidate variables were simplified by backward elimination, removing one variable at a time and assessing the change in Log-Likelihood Ratio (−2LLR, with P≥0.05). Model goodness-of-fit was assessed by classification accuracy, with a probability threshold of 0.5 (Hosmer and Lemeshow 2000) and by calculating the area under the receiver operating characteristics curve (AUC) with associated standard error. Spatial autocorrelation of model residuals were examined by Moran's I test and visual investigation of spline correlogram (plotting correlation coefficients with 95% pairwise bootstrap confidence intervals as a function of distance). As residuals of the landscape-scale model were spatially autocorrelated, we also built a spatial generalised linear mixed model (using the proc glimmix procedure in SAS) following Dormann et al. (2007) . Within pastures and recent fallows, vegetation height (square root transformed to fit normality) was related to grazing pressure considering all random and presence points in a general linear model, with grazing pressure as covariate, study area and land-use (classes: pasture and recent fallow) as categorical fixed factors. The interactions between grazing pressure and study area, and study area with land-use were tested in the model and removed if non-significant. The two logistic models were built using SAS version 9.2 (SAS Institute, Cary, NC, USA). PASW Statistics 18 (PASW Statistics 18 Inc. 2010) was used for all other tests.
Results
Landscape-and local-scale habitat characteristics
Both the current extent of land-cover classes, and their recent history, differed markedly among the three study areas. CO was dominated by cropland, while pasture was extremely scarce, both in the 2008 field survey and in the earlier 2000 land-cover maps (Table 2) . Despite the continued dominance of cropland at CO, its extent had slightly reduced through conversion to unsuitable land-uses for the little bustard (mostly vineyards). During field survey in 2008, 26% of the cropland sampled at random points within CO comprised recent fallows. In contrast, in 2008 landscapes at both CA and AB had approximately half the cover of cropland than at CO, and a much greater extent of pasture than at CO, with pasture having similar extent to croplands (Table 2) . However, they differed in recent history. Land-cover extent had been stable at CA between 2000 and 2008. In contrast, at AB cropland extent had reduced greatly; from approximately three quarters in 2000 to 43% of the landscape in 2008, with a corresponding expansion of pasture that had been almost absent in 2000 (Table 2 ). Additional recent fallows were common at AB, comprising 43% of random points within cropland, compared to 9% at CA.
Random points at AB were significantly further from roads (mean±SE 697±63 m) than those at CA and CO (474±119 m and 332±64 m respectively; site effect in ANOVA controlling for land-use and land-use interaction: F 2, 119 =6.105, P=0.003, Tukey tests P<0.05). Random points in AB were also more distant from tracks (239± 26 m) than in CO (109±17 m; F 2, 119 =3.521, P=0.033, Tukey test P<0.05), but distance to tracks was similar between random points in AB and CA (161±29 m in CA; Tukey test P=0.248). Distance of random points to wires and buildings was similar among the three study areas (P= 
Comparison of male little bustard density among contrasting landscapes
The 31 transects and 675 point counts provided 112 observations (45 and 67 for each method, respectively) of displaying male little bustard across the three sites. For distance transects, the half-normal detection function was best supported (ESW=226.5 m±11.4SE, AICc=528.80) and was used for density estimation; a hazard-rate model performed almost as well (ΔAICc=0.3) and provided a very similar though less precise ESW (234.2 m±35.2SE). For point counts, the uniform function with cosine adjustment was supported (EDR=246.9±12.2SE, AIC=718.4), the next best function (half-normal) had considerably larger AIC (ΔAIC=2.4).
A large population was detected in AB, with densities 23 and 10 times higher than CA and CO, respectively (Table 3) ; the lack of overlap of 95%CI indicates that density differed significantly among the three sites.
Male little bustard habitat preference
Landscape scale
The multivariate logistic model built pooling data from across the three areas showed moderate internal model fit (AUC=0.79±0.03SE) and spatially autocorrelated residuals (Moran's I test, P<0.05) with positive correlation between points occurring within a distance of approximately 1,000 m. A spatial model that explicitly incorporates spatial correlation had a marginally lower model fit (AUC=0.73±0.03SE). The spatial model retained only the land-use variable as significant (Table 4a) , with preference for pasture and new fallows (Fig. 3a) . The non-spatial model included effects of both land-use and land-use heterogeneity (Table 4b ). This model predicts male little bustards to occur significantly more often in pasture and recent fallows ( Fig. 3b ; amounting 70 and 17 male detections, respectively) than in either arable (only one male detected), hay meadow or other land-use classes (two and six detections, respectively). Males' occurrence in the non-spatial model was also significantly lower at points with either low or medium land-use heterogeneity, compared to points with high land-use heterogeneity within 150 m (Fig. 3c) .
Disturbance variables (distance to buildings, tracks, roads or wires) were not retained in either the spatial or non-spatial model (Table 4a and 4b), indicating that they contributed little to explaining incidence of males' presence at this scale.
Local scale, within pastures and recent fallows
The multivariate model considering small-scale habitat elements and wider-scale disturbance variables within pasture and recent fallows (Table 4c ) had high classification Table 3 Extent of study areas, suitable habitat available and the area covered by combined distance transect and point surveys are given. Numbers of calling birds detected and estimates of the density and total numbers of males within each of three study areas within Sardinia are also presented AB CA CO CI (95%) of surveyed area (with % of suitable habitat covered by survey), density and population estimates are given within brackets. Extent of SPAs and the % of SPA covered by the study area are also shown accuracy (93.5% of all points correctly classified) and very good internal model fit with an AUC of 0.94±0.02SE. Residuals of the model did not show any sign of autocorrelation. Males' probability of occurrence increased with shorter vegetation, higher legume and green herb cover and greater distance to roads (Table 4c ).
Discussions
Habitat preference by male little bustard at landscape and local scales
This study confirms and supports the importance of pasture and recent fallows in the landscape for displaying male little bustards (Wolff et al. 2002) . It also confirms the importance of small-scale habitat requirements for the species, such as cover of legumes and green herbs (Jiguet et al. 2002; Morales et al. 2008 ), short vegetation structure (Martinez 1994) and distance from roads, and finally highlights the fundamental role of grazing livestock in maintaining suitable habitat structure for the species in agro-pastoral steppe-like landscapes.
Our results demonstrate the crucial importance of traditional farming systems which include adequate cover of pastures and recent fallows for the little bustard. These land-uses, associated with low-intensity agro-pastoral activities, are rapidly disappearing from most of the Palaearctic but still occur locally in southern Mediterranean regions and are well known as a suitable habitat for the little bustard in Iberia (Martinez 1994; Salamolard and Moreau 1999; Suarez-Seoane et al. 2002) and southern France (Wolff et al. 2001) . A strong preference for high heterogeneity of land-use substrates was also evident in the non-spatial model but not in that incorporating spatial autocorrelation. These contrasting results suggest that the clustering of displaying males in areas of high land-use heterogeneity may be related to ecological requirements of the species, as found in other areas (Martinez 1994; Wolff et al. 2002) , but may be overlooked if the spatial correlation resulting from the conspecific attraction of breeding males is accounted for.
Contrary to other studies (Suarez-Seoane et al. 2002; Silva et al. 2004; Osborne and Suarez-Seoane 2007; Silva et al. 2010) , we found no effect of proximity to anthropogenic infrastructures on the occurrence of little bustards at the landscape scale. However, at the smaller scale, displaying males located at points further from roads, suggesting that when not constrained by the availability of pastures and new fallows, roads were avoided. At this local scale, Fig. 3 . Significance, assessed by χ bustards also selected areas with higher content of legumes and green herbs and shorter sward height that may relate to food requirements and adequate visibility for displaying males (Martinez 1994; Salamolard and Moreau 1999; Wolff 2005) . That such clear and strong associations with landuse, vegetation structure and quality were apparent suggests either that the distribution of little bustard is not constrained by lek inertia at these scales or that patterns of local and landscape suitability are stable at timescales relevant to the longevity of individuals and territories. The importance of high grazing intensity in maintaining low vegetation structure suitable for displaying males emphasises the need to preserve sheep rearing activities in our agropastoral landscapes and elsewhere. The extent of pasture areas in Sardinia has rapidly decreased in recent decades (Falcucci et al. 2007) , and if this continues, suitable areas for the species may become increasingly scarce and isolated. Differences in little bustard density, land-use composition and structure among the contrasting landscapes
The differences in densities observed between the three sites in Sardinia can be largely explained in terms of differences in the availability of suitable land-use types, such as pasture and new fallow, and disturbance patterns.
As predicted, the highest male density occurred at AB which is the least impacted by road disturbance and provides a balance of cropland and pasture cover that has previously been found to represent an optimal combination for little bustard (Martinez 1994; Wolff et al. 2002) .
Again in agreement with predictions, lower density was found at CO that is likely the result of the scarcity of pasture and dominance of cereal fields in addition to the higher road disturbance compared to AB. However, the low density at CA that had a broadly similar balance of cropland and pasture to AB may at least partly relate to the taller, and thus less suitable, vegetation within pastures and recent fallows, as well as higher road disturbance. In the case of CA, other factors than those included in this study may have been responsible for the low numbers recorded. One possible explanation may be due to the social organisation of the species where displaying males attract each other (Jiguet et al. 2000) so that larger leks may be more attractive than smaller ones; thus, in Campeda the small population may be less attractive to settling males, despite suitable habitat being available in the area.
Implications for management and conservation of little bustards in agro-pastoral landscapes Livestock rearing in pasturelands interspersed by extensively cultivated areas is known to support an important community of birds and other taxa in agro-pastoral landscapes (Lemaire et al. 2005) . In most parts of Europe, large areas once used for mixed farming are now subject to a rapid intensification of both cropping and dairy practices that has led to local and even regional specialisation with the most fertile soils used for cereal cropping and less fertile areas devoted to intensive animal production (Lemaire et al. 2005) . This has led to the disappearance of grasslands from most cereal production regions of North-western Europe and associated biodiversity losses (Robinson and Sutherland 2002) . For little bustard, the disappearance of pastures and fallow lands across Europe has been identified as the major driver of national extinctions and population declines across its Palaeartic range (Del Hoyo et al. 1996; De Juana 2009 ). The clear preference for pasture and recent fallows in Sardinia and the clear importance of grazing livestock in maintaining short vegetation for displaying males indicate that traditional agro-pastoral activities should be preserved in order to prevent further losses of little bustard populations. Such measures will also benefit the wider assemblage of species of conservation concern, such as stone curlew Burhinus oedicnemus, calandra lark Melanocorypha calandra and griffon vulture Gyps fulvus, that depend on traditional low-intensity land-use and that are currently under pressure from agricultural intensification (Tucker 1997) .
As human demands for rural development are consistently increasing, the role of agri-environmental schemes may prove fundamental to enhance the conservation of low density farmland species that require strategic intervention at the landscape scale. However, the recent abolition of obligatory set aside within the European Union may exacerbate declines in grasslands within the agro-pastoral mosaic that is likely to increase the pressure on the already imperilled species associated with traditional farming ecosystems.
